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 Introduction

* New microscale flammability tests
--- PCFC*, STA*(TGA/DSC), Pyrolysis GC/MS

* Thermal decomposition and flammability

--- Poly(hydroxyamide) (PHA)

--- Halogenated PHAs

--- PHAs with OMe groups

--- PHASs with different phosphate groups

* Thermal decomposition mechanisms

e (Conclusions

* PCEFC: Pyrolysis-combustion flow calorimeter (FAA microcalorimeter)
* STA: Simultaneous thermal analysis (TGA/DSC)



Fire --- A potential hazard for human life

* Annually account for more than 6,000 deaths and $10 billion in
property damage.

* More stringent fire safety requirements in enclosed and inescapable
applications, such as aircraft cabins, submarines, ships, subways, and
high-rise buildings.

Los Angeles, 1991 Teibe1, 2000 Austria, 2000

FAA long-term objectives:

“eliminate burning cabin materials as a cause of death in aircraft accidents™



Aircraft interiors contain tons of
combustible polymers

i - ' B :
——— -‘ . 4 N
Cy ar Sidewall ! -
: Y ? o __'- 3 ¥
, B L = j‘- ; s £
: - -“. # _1 i = b Al

FAA FIRE
RESEARCH

FIGURE L. FLAMMABLE CABIN COMPOMENTS



UMass CUMIRP Cluster F:
“Fire-Safe Polymers and Polymer Composites”

Objectives:

Reduce unwanted fires and extend polymer applications

* Create new tools and techniques for thermal decomposition and
flammability characterization

Establish the correlation between polymer structure, composition and
macroscopic flammability

Understand polymer decomposition chemistry and fire-resistance
mechanisms

Develop a new generation of high-performance, environmental friendly
fire-resistant polymers




How to make polymer more flame resistant?

Gas-phase flame

Radiant A f
heat transfer to,” vy v vy
/
surface ,/ : € Combustion
> Pyrolysis gases eycle
Char Unpyrolyzed polymer
* Reduce the generation of combustible gases ,‘:5:
* Increase char formation — 1", Flame resistance T

 Release chemical flame suppressants (Cl, Br, P)




Strategies for reducing polymer flammability

* Inherent fire-resistant polymers
--- high thermal stability, low mass loss rate, low heat of combustion of

pyrolysis gases, high char yield

Linear aromatic or heterocyclic polymers % @}‘
I
Ladder polymers m

Semi-organic polymers gé—}zﬂ% %sl— " %

* Structure and composition modification

Copolymers and blends

* Flame-retardant additives
B, Al, P, Cl, Br, Sb, S1, N



PHA: High-performance fire-safe polymer

Z N .
QO o C N " Air Force " polybenzoxazole (PBO)
SO0
250~ 400C \o
HO

PHA

v

High molecular weight, soluble and easy to process

Large endothermic cyclization heat sink
Simultaneous release of flame-quenching molecules

Low heat-release rate and high char yield
Precursor of polybenzoxazole (PBO) --- high-temperature

and flame-resistant polymer

Mars aerobot
(PBO balloon)



Standard flammability tests

* FEase of ignition

« Flame spread ---- across a surface

* Fire endurance ---- penetrate a wall or barrier

* Rate of heat release

« Ease of extinction

* Smoke evolution ---- amount, rate and composition

« Toxic gas evolution ----amount, rate and composition

Tests most commonly used in USA:

Limiting oxygen index (LOI), UL-94 small flame test, cone calorimeter,

Ohio State University (OSU) calorimeter, ASTM-E-84 Steiner Tunnel,
NBS smoke chamber.




Thermal decomposition and flammability tests

Traditional: New:

: PCFC (FAA): 1mg
(Flammability)

UL-94

' STA (TGA/DSC): 10mg
(Thermal decomposition)

Py-GC/MS: 50~300ug
(pyrolysis gases)

Cone calorimeter: 100g



Pyrolysis-combustion flow calorimeter (PCFC)

Heat release capacity n .(J/g.K):

Sample i
l : Ceygen Manifald h'max 1 EAI’ifl max
' = Ascarite™ Oxygen 77 — _C — 02
—»— Pyrolyzer Combustor 777 I-E_ Analyzer c ﬂ ﬂ "
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Flow | : Flow Cantroller I |
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; Data Acquisition h,"" : Peak of heat release rate (w/g)
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Gasification 1 Combustion . :
(Soid State ) 1 (Gas Phase ) ... f . Heating rate (K/s)
1

High-throughput milligram-scale method for materials flammability research

(based on oxygen consumption principle)

Lyon, R. E.; Walters, R.N. International SAMPE Symposium and Exhibition (Proceedings) 45th 2000, v45, p1721



Structures of PHA and 1ts derivatives (1)

PHA

PHA-1 (-OH)

PHA-3 (-OH, m-Br)

PHA-5 (-OH, -CF,, m-Br)

PHA-7 (-OMe)

PHA-8 (-OMe, -OH)

PHA-9 (-OMe, -OPO(OMe),)




Thermal decomposition of PHA and halogenated PHASs

Q it
Jr a <:> _RQNH_CQC% (10°C/min, N,)
HO OH g, R, n

PHA-1: R,=H; PHA-3:R,=Br; PHA-5: R,=Br, R= C(CF,),

100+ 12
-10
80 A A
—~ 1 s
2\160* S: % _ J
) ; 02 t%
é | ;| = o) .
43 -
o
[a]
L2
%50 300 500 700 900 ‘ ‘ ’ ‘
Temperature (oc) Universal V2.5H TA Instruments 100 300 500 700 900
Temp [°C]
TGAs and derivative of TGAs (DTGs) DSC curves

First stage: endothermic
WO-Stage Second stage: exothermic



Thermal decomposition of PHAs containing OMe groups
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PHA-7:R,=Me; PHA-8: R,=H,Me; PHA-9: R,=Me, PO(OMe),
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Flammability of PHASs (1)

Samples H.R.capacity (a) Total heat ? Peak mass loss rate ®  Char yield (b)
(J/g.K) (kJ/g) (x 10%/s) (%)
PHA-7 (-OMe) 130 17 1.4 43
PHA-1 (-OH) (iso) 42 10 0.4 56
PHA-8 (-OMe,-OH) 33 11 0.5 55
PHA-9 (-OMe,-OPO(OMe),) 18 9 0.2 60
PHA-3 (-OH, m-Br) 17 5 0.4 39
PHA-5 (-OH, -CF5, m-Br) 8 3 0.7 36

(a) PCFC results. Pyrolyze at 4.3°C/s to 930°C.
(b) TGA/DSC results. Heat at 10°C/min to 1000°C. Char yield is the solid residue left at 930°C.



The flammability of polymers

PHA-5
PHA-3
PHA-9
BPC-PC
PBZT
Pl
PHA-8

PHA-1

ULTEM FAA threshold for fire-resistant polymers
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Structures of PHA and 1ts derivatives (2)

PHASs containing phosphate groups
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Weight (%)

Thermal decomposition of phosphate PHAS
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Flammability of phosphate PHASs

Samples H.R.capacity (@) Total heat'”  Peak mass loss rate ®  Char yield (b)
(J/g9.K) (kJ/g) (x 10°/s) (%)
PHA-10 (-OPh) 340 15 3.3 36
PHA-11 (-Ph) 210 21 2.9 32
PHA-12 (-OC,H;) 73 9 0.4 41
PHA-13 (-OPh(Cl),) 59 8 0.6 29
PHA-14 (-OCH,) 19 8 0.2 52

(a) PCFC results. Pyrolyze at 4.3°C/s to 930°C.
(b) TGA/DSC results. Heat at 10°C/min to 1000°C

. Char yield is the solid residue left at 930°C.



Thermal oxidative stability of PHAs

Weight (%)
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« Oxygen: No effect on 1nitial thermal stability

* Char: Easy to oxidize
* Phosphorus: Enhance char formation




Thermal cyclization of PHAS?

R;O

1 HNH_ Q o |

A i Cychzatlon?

%Cﬁ‘;ﬁ/w/»gicd» PBO

+

R,OH

+
Rz‘

(H,O, CH;0H or phosphate)

(Br- and other flame-quenching molecules)

Rl = H, CH3, PO(OPh)z, POth, PO(OCH3)2, PO(OC2H5)2, PO(OPhC12)2

R2: Br



Elemental analysis of PHA-1

Q Q
HN NH—C @— C
HO OH
n

Temperature Measured (%) Calculated (%) Char
(°C) C H N @) C H N O (%)

250 (PHA) 67.26 3.78 7.56 21.4 69.4 4.1 8.1 18.4 100
400 (PBO) 75.96 3.26 8.62 12.16 77.4 3.2 9 10.4 90
650 79.97 2.93 7.84 9.26 75
1000 87.07 0.44 3.78 8.71 50

Nominal formula of char at 1000°C : C ,; H ;4 N ;1,7 O 5




Transmittance

IR spectra of PHA-1 at different temperatures
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Pyrolysis GC/MS (PHA-1)
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Pyrolysis GC/MS (PHA-7)
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Pyrolysis GC/MS (PHA-10)

N
K g
Abundance
3000000 OH = --OPh
4.3°C/s, 250°C ~ 930°C
2500000
2000000
o
1500000 A Ph—I?—Ph
OPh
4 0
1000000 A PhO—I?—OPh
OPh
O )
: Ph—P—Ph
500000 H20 CoO l\:
CO HCN L
0 T |___|/f\a—,\}_| = - T = T 7 T |I | S ! FO P ol ol b N R S E E T L B B B |
Time--= 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00



Abundance

OH
000000 [::f:::}
2500000
2000000
1500000 §?
Ph*F*Ph
OPh
1000000
||
PhO*P*OPh
500000 ; OPh
3 u,-....,....,..m....,K.'.“.'._....,....,....,:T‘}frll‘f.“.T?ﬁﬁ', ............. T
Time 4.00 2.00 1200 16,00 20.00 24.00 26,00 3200
Abundance
50000 |
500000
da0000 -
400000

500 ~ 930°C

250000 1 HZO (jo2

PHA-10 (-OPh)

250 ~ 500°C

(Side group cleavage)

St CO HCN NCOCN
(Main Chain SCiSSiOﬂ) 250000 1 ]
200000 { coon a
150000 ] Ph—l‘D‘fPh
|
100000 F
. L‘N Mml_/
e
BT e S 7 A AR ST B el i T el -



Pyrolysis GC/MS (PHA-12)
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Decomposition mechanisms of PHA and its derivatives

(a) Low temperature (< 500°C)

| I: PHA and halogenated PHASs |
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Decomposition mechanisms of PHA and its derivatives

| (III) PHAs with phosphate groups |
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(b) High temperature (>500°C)
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Calculated bond energies (kcal/mol)

Method: B3LYP/6-31G(d), Mean Error = 8kcal/mol

111 106 93 95
PHA-1 HN
HO / .
111 106 93 95
HO / .
/ Me

Weakest bonds: O-H (PHA-1), O-Me (PHA-7)



Conclusions

PHA and its derivatives (except for some phosphate PHASs) are a series of
new fire-safe polymers that have extremely low heat-release rates and
very high char yields.

PHA and halogenated PHAs decompose in two stages.
= First stage, water release to form PBO structure (endothermic).
= Second stage, random scission of PBO backbone (exothermic).

Elemental analysis and IR prove that the first stage of decomposition of
PHA-1 corresponds to cyclization into PBO.

The major decomposition products of PHAs, except for PHA-7 and
phosphate PHAs, are CO,, CO, H,0O and HCN, which result in their low
flammability.

Substitution of hydroxyl groups with some other bigger groups such as
methoxy or phosphate groups will lead to increase of the flammability
due to the introduction of weak linkages between side groups and
polymer main chain.

PCFC is a very rapid and quantitative screening tool for newly-
synthesized fire-resistant materials.
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